A B S T R A C T
A B S T R A C T We have recently provided evidence suggesting that the action of purified cationic bactericidal/permeability-increasing protein (BPI) from neutrophils on susceptible gram-negative bacteria requires saturation binding to negatively charged surface sites (Weiss, J., S. Beckerdite-Quagliata, and P. Elsbach, 1980 , J. Clin. Invest., 65: 619-628. ) We now show that this charge interaction is necessary but not sufficient to produce the effects of BPI on the envelope and on viability. By altering the hydrophobic properties of the bacterial (outer) membrane, it is possible to separate saturation binding from the biological action of BPI, indicating that steps beyond surface binding are needed for the antibacterial action. Outer membrane properties were modified by (a) reducing temperature during BPI-Escherichia coli interaction; (b) growing E. coli at 420C to increase the saturated fatty acid content of membrane phospholipids; and/or (c) using smooth E. coli with a natively less fluid outer membrane. Hydrophobic interaction chromatography on phenyl-Sepharose and measurement of sensitivity to the hydrophobic antibiotic rifampicin were used to monitor the changes in hydrophobic properties of the bacterial outer membrane produced by these manipulations. Nearly all BPI can be removed from the bacterial surface by 80 mM MgCl2 or by trypsin. At 370C, removal of BPI results in repair of the envelope alterations, but viability is irreversibly lost, even when Mg2+ is added after only 15 s of exposure of the bacteria to BPI. However, under con-
INTRODUCTION
We have recently isolated two closely similar membrane-active cationic proteins, one from rabbit and one from human polymorphonuclear leukocytes (PMN), with potent bactericidal activity toward several gramnegative bacterial species (1, 2) . The first required step in the antibacterial action of these bactericidal/permeability-increasing proteins (BPI)' is saturation binding to the gram-negative bacterial outer membrane (3, 4) . Upon binding to susceptible bacteria at 370C, BPI rapidly produces alterations of the outer membrane, including an increase in permeability to normally impermeant hydrophobic drugs like actinomycin D, and rapidly triggers bacterial killing (1, 2) . In contrast, for at least 30 min, there is no detectable disruption of either the structural or functional integrity of the bacterial inner membrane (1, 2).2
The remarkably discrete lesions produced by BPI suggest that the locus of BPI action is limited to the bacterial outer membrane. However, while removal of BPI from the surface of Escherichia coli, even after 1-2 h, causes reversal of the membrane-perturbing action of BPI, the effect of the protein on bacterial colony formation is irreversible within minutes (5) . It appears, therefore, that the action of BPI on the outer membrane and on bacterial viability can be dissociated. In this study we have analyzed further the step(s) in the interaction of BPI with the bacterial envelope and its (their) relation to the membrane-perturbing and bactericidal effects of BPI. The results indicate that after initial binding, obligatory postbinding step(s), whose rate depends on the hydrophobic properties of the bacterial outer membrane, must occur to produce both effects. On the basis of these findings, we propose a scheme for the surface interactions of BPI and possible subsequent events in the bactericidal action of BPI.
METHODS
BPI. BPI was isolated from rabbit PMN as previously described (1 (5, 6, unpublished observations) indicating that BPI-envelope interactions with all three strains are essentially the same. The bacteria were grown in a triethanolamine-buffered (pH 7.75-7.9) minimal salts medium (7) . Stationary phase overnight cultures were transferred to fresh medium (diluted 1:10) and the subcultures were grown to midlogarithmic phase (3-4 h at 370C; 6-10 X 10' bacteria/ ml). Bacterial concentrations were determined by measuring absorbance at 550 nm with a Coleman junior spectrophotometer, Coleman Instruments, Inc., Irvine, CA. The bacteria were sedimented by centrifugation at 6,000g for 10 min and resuspended in sterile physiologic saline at the desired concentration.
Anti-BPI antiserum. Generation of goat antibodies against purified rabbit BPI and preparation of IgG-rich fractions have been described (8 (3, 12) .
Miscellaneous. Protein concentration was determined by the method of Lowry et al. (13) .
RESULTS
Removal of surface-bound BPI by trypsin. The antibacterial activities of BPI are directly related to its binding to the bacterial surface (3, 4) . When E. coli are incubated with saturating amounts of BPI, >99% of the bacteria are rendered nonviable and bacterial protein synthesis is nearly completely inhibited in the presence, but not in the absence, of actinomycin D (1-4, Table I ). This actinomycin D-dependent inhibition reflects a permeability-increasing effect of BPI on the bacterial outer membrane that renders E. coli sensitive to this normally impermeant hydrophobic drug (3, 10, 11) . The outer membrane alteration, but not the loss of viability, can be reversed by incubating BPI-treated E. coli with trypsin (Table I) or with 240 mM Mg2+ or Ca21 (5) . These agents initiate repair of the barrier properties by removing surface-bound BPI (4, associated with removal of the bulk of bound BPI is indicated by the ability of fresh BPI, added after inactivation of trypsin with soybean trypsin inhibitor, to produce once again the permeability-increasing effect. The amount of BPI required to produce this effect is almost identical to the dose needed for E. coli not previously exposed to BPI (Table I ). This suggests that approximately the same number of binding sites are exposed and, therefore, that trypsin produces essentially complete removal of BPI previously bound to the bacterial surface. Involvement of irreversible postbinding step(s) in the bactericidal action of BPI. Since the removal of surface-bound BPI by trypsin or by Mg2+ (Ca2+) does not result in rescue of the bacteria from the bactericidal action of BPI, even after exposure for only 5 min at 370C (5, Table I), step(s) beyond surface binding, which are unaffected by trypsin or divalent cations, appear to be involved in bacterial killing by BPI.
To explore any "postbinding" events that may be required for the bactericidal action of BPI, we have used the experimental protocol outlined in Fig. 1 . Dilution (>103-fold) of E. coli-BPI suspensions in isotonic saline containing 4 mM MgCl2 acutely stops further BPI binding without displacing already bound BPI. Since saturation binding is the primary requisite for BPI action (3, 4) , binding of BPI must occur during the preincubation for bacterial killing to be apparent after dilution. Mg2+, at high concentrations (240 mM), not only prevents further binding but also rapidly (within 1 min [unpublished observations]) removes surface-bound BPI. If irreversible postbinding steps are required for bacterial killing, these steps must also be triggered during the preincubation for bacterial killing to be evident after Mg2+ treatment. Under conditions where only binding has occurred during the preincubation, bacterial killing will be apparent after dilution but not after Mg2+ treatment, i.e., displacement of bound BPI will "rescue" E. coli. Fig. 2 shows that when rough E. coli S15 (grown at 370C) are preincubated with BPI at 370C for just 15 
coli (J5).
The effect of these experimental conditions on the hydrophobic properties of the outer membrane was monitored by measuring bacterial affinity for the hy- drophobic matrix phenyl-Sepharose (Table II) and bacterial sensitivity to the hydrophobic antibiotic rifampicin (Table III) . Phenyl-Sepharose chromatography of-different radiolabeled bacterial populations. Adsorption of radiolabeled bacteria onto phenyl-Sepharose beads has been used to detect differences among bacterial populations in their surface properties (8) . The greater the exposure of hydrophobic groups, the greater the affinity of the bacteria for the hydrophobic beads. Thus, rough E. coli J5 with short chain LPS are nearly totally retained by the beads (Table II) . In contrast, E. coli 0111 :B4 with shielded hydrophobic groups in the outer membrane are largely recovered in the elution buffer wash. Phenyl-Sepharose chromatography reveals that (e) All four bacterial populations incubated at room temperature (RT) s same populations incubated at 370C (P < 0.05 for J5 grown at 370C; P < 0.001 for the other populations).
None of the differences in sensitivity between populations incubated at 370C is statistically significant (P < 0.10). a (Growth temperature/incubation temperature). (e) 0111:B4 (370C/370C) > J5 (370C/370C) (P < 0.02 at 30 and 60 s; P < 0.05 at 150 and 300 s). § (Growth temperature/preincubation temperature).
Steps in Bactericidal Protein Action 545 ration of the binding and postbinding phases is greatest in 0111:B4 grown at 42°C. More than 50% of the bacteria can still be rescued when Mg2+ is added after exposure to BPI for 2.5 min. Thus, the kinetics of the postbinding phase correlate with the hydrophobic permeability properties of the outer membrane as measured by rifampicin sensitivity (Table III ). An apparent exception should be noted, i.e., the slower postbinding phase in the action of BPI at 370C on E. coli 011l:B4 grown at 370C. This discrepancy may be resolved by the results shown in Table II, indicating that this bacterial population exhibits a lower surface hydrophobicity on phenyl-Sepharose after growth at 370 than at 42°C. Hence these findings actually support the contention that outer membrane hydrophobicity is important in the postbinding phase of BPI action.
Rescue of BPI-saturated E. coli by anti-BPI antibody. Table V shows that an immune (anti-BPI) IgGrich fraction can also rescue E. coli from the bactericidal action of BPI. The rescue elicited by the immune fraction is specifically attributable to anti-BPI antibody since analogous preimmune fractions produce no rescue. There is progressively less rescue when antibody is added after longer E. coli-BPI preincubations.
Permeability-increasing effect of BPI also requires postbinding step(s). To determine whether the permeability-increasing effect of BPI also requires post- The values shown represent the mean of two closely similar experiments. e The viability of BPI-treated E. coli determined after dilution of the preincubation mixture is expressed as the percentage of viability of E: coli preincubated alone. Possible steps in the antibacterial action of BPI.
membrane interactions is a primary determinant of the antibacterial potency of BPI toward various strains and species of gram-negative bacteria (3, 4) . It is the peculiar affinity of BPI for this unique outer envelope layer of gram-negative bacteria that apparently accounts for the highly specific action of BPI against this group of microorganisms (1, 2). Initial protein attachment seems principally mediated by electrostatic attraction between the cationic protein and anionic bacterial surface sites (4, 8) . The predominant negatively charged components of the outer leaflet of the outer membrane are LPS (11, 18) . Because of their relative abundance, peripheral localization, and almost exclusive presence in gram-negative bacterial outer membranes, we believe that the anionic groups in the LPS provide the initial attachment sites for BPI (4) . As shown in this study, under certain conditions, removal of BPI from the bacterial surface can prevent its biological action. Thus, saturation binding, while necessary, is not sufficient to generate the antibacterial effects of BPI. According to our model (Fig. 3) , saturation binding is required to trigger "postbinding" steps that are actually responsible for the membraneactive and bactericidal effects of BPI. This second phase of action can be slowed either by reducing the temperature during initial protein-bacterium interaction and/or by modifying the chemical composition of the bacterial (outer) membrane. Because the delay in the postbinding phase is produced under conditions when hydrophobic interactions with the outer membrane are impeded (Tables II-IV) Table IV , by invoking general effects of temperature on metabolic activity (also note that in E. coli J5 grown at 370C the speed of postbinding steps is not detectably slowed by reducing incubation temperature from 370 to -20C) or in other bacterial properties that are unrelated to envelope hydrophobicity. Analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the outer membrane proteins of E. coli J5 and O111:B4, grown at 370C or at 420C, reveals no recognizable qualitative or quantitative differences (data not shown), further suggesting that the predominant effects of varying growth and incubation temperature on BPI action can be explained by modification of hydrophobic components of the (outer) membrane.
In the leukocyte, BPI is tightly (granule) membrane associated (2, 3) indicating that this protein possesses lipophilic properties. The anionic groups of the LPS are clustered in close proximity to lipid A, the moiety through which the LPS are embedded into the hydrophobic interior of the outer membrane (11) . Thus, primary charge-charge interactions between BPI and outer membrane LPS may be quickly followed by secondary hydrophobic interactions allowing rapid transition from the binding to the postbinding phase of BPI action.
In analogy with recent studies on the interaction of terminal components of complement with the envelope of Salmonella Minnesota (19) (5) .
In contrast, the bactericidal action of BPI can apparently proceed without surface-bound protein after a previous interaction as brief as 15 s. Thus, surfacebound BPI triggers both reversible outer membrane alterations and irreversible (i.e., not reversed upon removal of surface-bound protein) postbinding steps that lead to bacterial killing. The nature of these irreversible steps including any possible relation to the reversible outer membrane changes is unknown. One possibility is that surface-bound BPI activates bacterial "autolytic" enzyme(s). In fact, attachment of BPI results in net degradation of phospholipid and peptidoglycan in E. coli (1, 2, 20, unpublished observations). However, BPI kills phospholipase-less mutants of E. coli (1, 2, 20) and net peptidoglycan degradation is halted upon release of surface-bound BPI (unpublished observations). This means that phospholipid degradation is not essential for killing and that any role for peptidoglycan turnover in the bactericidal action of BPI must be provided by very limited degradation. An The multiphased sequence of BPI action, initiated by reversible interaction with the bacterial surface and followed by irreversible steps leading to cell death is reminiscent of the action of various toxins, including several bactericidal proteins secreted by bacteria within the family of Enterobacteriaceae (21, 22) . Many of these bacteriocins are also highly cationic proteins, of molecular size similar to that of BPI, and possessing antibacterial activity specifically directed against certain gram-negative bacteria. A striking feature of the structure/activity relationships of the bacteriocins is the localization of their binding, entry, and bactericidal functions into separate "domains" of the proteins (21) . It will be of interest in the future to determine whether the binding, membrane-active, and bactericidal functions of BPI are similarly segregated within separate structural regions of the protein. Such studies may reveal whether BPI is a mammalian analogue of the bacteriocins, representing a highly effective structural design for a bactericidal protein vs. gram-negative bacteria that has been conserved through evolution.
